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Abstract 
 
A new methodology for measuring the accuracy of the Mogi-Coulomb (MC) failure criterion is implemented, based on the 
measurement of the misfit between experimentally measured maximum principal stresses (σ1) and the predicted values.  
A new improvement to the Mogi-Coulomb criterion is proposed, called the Modified Mogi-Coulomb criterion (MMC), that 
allows for an extra degree of freedom for the last part of the σ1 curve. It is a function of a new parameter called the 
strengthening factor (β), assumed as a rock property, that can be calculated for each rock by minimizing the misfit between the 
predicted and measured data. 
Existing polyaxial data are analysed using the Modified Mogi-Coulomb criterion, leading, in some cases, to a considerable 
reduction in the misfit. 
Wellbore stability implications of the new MMC criterion are analysed. Sensitivity of both (MC and MMC) criteria to several 
parameters at different stress regimes is analysed, considering typical values found in hydrocarbon reservoirs. 
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Introduction 
Rock failure analysis has interested many researchers who contributed with different criteria for its determination. Most of 
traditional rock failure analysis has been based on failure criteria that ignore the influence of the intermediate principal stress. 
However, recent evidence has conclusively shown that the effect of the intermediate stress cannot be ignored. Al-Ajmi and 
Zimmerman (Al-Ajmi & Zimmerman, 2009, Al-Ajmi & Zimmerman, 2005) used the fully-triaxial Mogi-Coulomb failure 
criterion and showed that it was superior to models such as Drucker-Prager. Nevertheless, this model shows some inaccuracy 
in the regime where σ2 is close to σ1, the area where special attention is going to be given in this document.  
The implications of considering fully-triaxial models in borehole stability have also been studied by the above referred 
authors, whom concluded that their impact is of considerable importance and that it leads to more favorable results in the 
determination of the critical mud weight, when compared with criteria that do not take σ2 into account. 
 
 
Coulomb criterion 
In 1776 Coulomb defined the bases of rock mechanics with a simple relationship between the maximum resistant shear 
strength (τ) and acting normal stress (σn), dependent only on two important rock properties: cohesion (c) and internal friction 
angle (φ): 
  =  + σtan 
 (1) 
 
This relationship is valid for a given failure plane. For the case of two surfaces in contact, like for example both sides of a fault 
in a rock, the problem seems of simple solution, if acting stresses and rock properties are known.  
 
Mohr-Coulomb Criterion 
Rock masses are, in general, subjected to stresses acting in all three dimensions of space. These states of stress can no longer 
be defined by a set of two parameters (τ,σn), but will need a 3×3 tensor that considers the stresses acting in three perpendicular 
planes, defined as: 
 
         (2) 
 
Each entry of this matrix has two subscripts. Considering the notation σij, j refers to one of the Cartesian directions in space 
and i refers to the direction normal to one of the considered planes. This means that, for example, σxy refers to the stress acting 
in the plane perpendicular to the direction x, along the y direction. 
Stresses with equal subscripts are normal to their acting planes, and stresses with different subscripts are parallel to their acting 
planes. For this reason, it is usual to write σx to designate σxx (the same with all the other diagonal entries). Designating all the 
other entries of matrix (2) that have different subscripts by shear stresses τij, the resulting matrix would be: 
 
      τ   (3) 
 
It can be shown that for equilibrium reasons, τxy=τyx, τxz=τzx and τyz=τzy, so that the actual independent stresses acting on a rock 
point in equilibrium are only six and define the tensor: 
 
Imperial College 
London 
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         (4) 
 
 
Figure 1– The polyaxial stress tensor 
(Al-Ajmi, 2006) 
 
If the case of stress in two dimensions is considered, the biaxial stress tensor would be defined by 
 
     (5)  
Mohr studied the implications of biaxial stress states in failure in rocks and reached the conclusion that the Coulomb equation 
(1) is still valid for each plane of failure considered. This means that first stresses acting on a specific plane have to be found 
(σn,τ) from the stress state defining tensor (5), before Coulomb’s equation (1) can be used. 
 
It can be shown (Das, 1990) from considerations of equilibrium that the stresses acting on a plane making an angle θ with the 
major normal stress are given by 
  =  ! + " !  cos 2& +  sin 2& (6) 
 τ = " !  sin 2& − cos 2& (7) 
 
 
 
Figure 2– Stresses acting on an oblique plane for a biaxial stress state 
(Al-Ajmi, 2006) 
 
Equation (7) can be used to search for a plane in which τ would equal zero, that is, a plane that would have only normal 
components of stress. Making (7) equal to zero gives: 
 
tan 2& = !+ "  (8) 
 
This equation has two solutions, corresponding to two angles, 90 degrees apart from each other. These angles define the 
position of the two planes in which the resulting stresses have only normal components (do not have any tangential 
10  Fully-triaxial rock failure criteria and implications for wellbore stability 
component), and for that reason are called principal planes. 
 
The value of the stresses that are acting on the principal planes, called the principal stresses, can be found by introducing (8) in 
(6) and (7), which yields (Das, 1990) 
 
Major principal stress: 
- =  ! + ./" ! 0! + !   (9) 
 
Minor principal stress: 
 
2 =  ! − ./" ! 0! + !   (10) 
 
The use of the subscript 3 (instead of 2) in the minor principal stress has to do with the fact that, in reality, three principal 
stresses are always present and by definition, σ1≥σ2≥σ3. As it will be seen below, Mohr’s 2D analysis can be very helpful in 
tackling the problem in a 3D state, where there will be a third intermediate principal stress σ2, remaining inclusively valid for 
cases where σ2=σ3. 
 
If the principal stresses σ1 and σ3 are known, the relationship between them at failure will be given by (Das, 1990): 
 
- = 2 × tan!(45 + 5!) + 2 tan /45 + 5!0  (11) 
Since  
 
tan! /45 + 5!0 = (1 + sinϕ)/(1 − sin ϕ)  (12) 
 
Equation (11) can be rewritten as 
 - = C8+ 9 2  (13) 
Where 
 :8 = 2;9  (14) 
 9 = (1 + sin ϕ)/(1 − sinϕ)  (15) 
 
C0 is called the uniaxial or unconfined compression strength, and q is known in soil and rock mechanics as the coefficient of 
Rankine’s passive pressure (Das, 1990). 
 
Equation (13) defines what is known as the Mohr-Coulomb criterion.  It states that there is a linear relationship between the 
maximum principal stress and the minimum principal stress at failure, depending only on rock properties cohesion and angle 
of internal friction. 
 
 
Mogi-Coulomb Criterion 
Due to historic reasons related with the first multi-axial test cells, traditional triaxial tests are tests where two of the principal 
stresses are equal
. 
The main reason for this has to do with the fact that first triaxial cells relied on the setting first of a 
hydrostatic pressure, followed by the increase or relief of the axial stress (by means of an actuator), resulting in σ1>σ2=σ3 for 
triaxial compression tests and σ1=σ2>σ3 for triaxial extension tests. These tests where initially named triaxial as a way of 
distinguish them from uniaxial (σ1>σ2=σ3=0) and biaxial (σ1>σ2>σ3=0) tests (Mogi, 1967). 
Later, with the appearance of cells capable of stressing a specimen with any value and differently in every direction, the need 
to differentiate this type of tests appeared and the terminology “polyaxial tests” became accepted. 
Mogi started studying the impact of σ2 on the failure resistance of rock by performing a series of conventional triaxial and 
biaxial tests (Mogi, 1967) on a Dunham Dolomite and Solenhofen Limestone, concluding that the total distortional energy or 
octahedral shear strength, given by 
 <=> = -2 ;(- − !)! + (! − 2)! + (- − 2)!  (16) 
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appeared to correlate well with the octahedral effective normal stress given by 
 ?,! = AB!   (17) 
 
The octahedral shear stress had already been used by von Mises, in his criterion for ductile materials, in the form τoct = cte. 
Mogi proposed to extend von Mises’ criterion for less ductile materials, as rock, presenting the relationship to describe rock 
behavior at fracture: 
 <=> = C(?,!)  (18) 
 
This relationship was later confirmed by the first fully-triaxial (polyaxial) sets of tests done in several types of rocks (Mogi, 
1971b, Mogi, 1971a). 
 
Al-Ajmi analyzed data from polyaxial tests (Al-Ajmi, 2006) and verified that it seemed to match a linear relationship between 
octahedral shear stress and effective normal stress. As a consequence, he proposed a new criterion based on Mogi relationship 
(18): 
 <=> = D + E?,!  (19) 
 
Al-Ajmi also showed that for a traditional triaxial stress state, Mogi’s linear criterion is actually equivalent to the Mohr-
Coulomb criterion, existing one direct relationship between the parameters of the two criteria: 
 
D = !√!2 × GHI- (20) 
 
E = !√!2 × I"-I-  (21) 
 
or 
D = !√!2  cos 
 (22) 
 
E = !√!2 sinϕ    (23) 
 
where c is cohesion and ϕ is internal friction angle, both given by traditional triaxial tests. 
 
In deriving these results, Al-Ajmi goes even further, and shows that the linear Mogi criterion is equivalent to Mohr-Coulomb 
criterion in triaxial states of compression and extension, hence naming equation (19) the Mogi-Coulomb criterion.  
 
Since the Mogi-Coulomb criterion doesn’t present an explicit form of expressing σ1 as a function of σ2 and σ3, a numerical 
solution has to be adopted in order to find σ1 given the other two principal stresses. In order to achieve this goal, a program 
was written in Visual Basic for Microsoft Excel (see Appendix E) that allows the definition of a new function to calculate 
σ1=f(σ2,σ3). Using this function is possible to make a plot of σ1 against σ2 for different levels of σ3, as the image below depicts 
for the case of a Dolomite. 
12  Fully-triaxial rock failure criteria and implications for wellbore stability 
 
Figure 3 - σ1 as a function of σ2 and σ3 according to Mogi-Coulomb criterion for a Dolomite 
(φ=30o and c=100MPa). Horizontal dotted lines represent Mohr-Coulomb criterion 
 
In the above picture, it is possible to see the effect of both minimum principal stress σ3 and intermediate principal stress σ2 on 
rock strength. The impact of σ3 on σ1 is in fact much greater than that of σ2. Also, for a given σ3, the value of σ1 starts by 
being equal to the value predicted by Mohr-Coulomb theory (doted horizontal lines in Figure 3), increasing σ2 up to a 
maximum and then decreasing until it reaches the value of Mohr-Coulomb again. The shape of this curve is actually a function 
of rock parameters, mostly of the internal friction angle, as can be seen in the below figure: 
 
 
Figure 4 – Varying shape of σ1 versus σ2 with angle of internal friction for Mogi-Coulomb criterion 
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Modified Mogi-Coulomb 
As Mogi mentions in his 1967 paper (Mogi, 1967), in reality, the values of σ1 at failure, in triaxial compression tests 
(σ1>σ2=σ3) frequently don’t match the ones obtained from triaxial extension tests (σ1=σ2>σ3). Moreover, in all the rocks 
where this effect was observed, extension tests led to higher values of σ1 than compression tests. This conclusion is in direct 
conflict with the Mogi-Coulomb criterion that predicts the same value of σ1 for these two extreme positions of σ2. 
 
As few results of true-triaxial tests with σ2 close to σ1 are available, mainly because of the difficulties inherent with conducting 
such tests, almost all the information is related with the initial part of the curve, where σ1 is increasing with σ2. For this part of 
the curve, a good agreement between the Mogi-Coulomb and the tests has been verified, whenever tests show to have been 
conducted in good conditions and collected data appears to be representative. 
 
For the part of the curve beyond the maximum value of σ1, values from tests tend to disagree more with the ones predicted by 
Mogi-Coulomb criterion, which is consistent with the already stated conclusion that the later part of this curve should not 
always end with the same value with which it has started, that is, with σ1 predicted by Mohr-Coulomb criterion. 
 
In face of this situation, a modification of the Mogi-Coulomb criterion that incorporates this phenomenon seems to be 
pertinent. The fact that the first part of the curve (when σ1 is below its maximum value) seems to match values from tests 
suggests that the changes in Mogi-Coulomb criterion should only apply to σ2 beyond this point. 
 
Following what has been exposed, a modification to Mogi-Coulomb criterion has been defined, based on a variable change 
that allows for an extra degree of freedom in the way the last part of the curve in Mogi-Coulomb behaves. 
 
Assuming that the final shape of the curve of σ1 as a function of σ2 and σ3 is a rock property and also that it varies with the 
level of the confining stress σ3 - a relation that is suggested by the also noted increase in ductility promoted by σ3 (Mogi, 
1971a) - a new parameter can be introduced (β), called the strengthening factor. This new factor will be determined by 
minimizing the differences between the results of the tests and the predicted values. 
 
Defining another new parameter (λ) called level of confining stress: 
 J = K BGL (24) 
 
and calling σ2,maxσ1 the value of σ2 where σ1 is maximum, it is possible to define a variable change intended to reproduce the 
first part of the curve (σ2,σ1), once scaled, in the second part (beyond σ2,maxσ1) of the new criterion curve. For this, consider the 
introduction of a new variable σ*, defined as 
    
M∗ = 2                                                         if σ2 ≤ σ2,maxσ1 ∗ = 2,SDT1 − U2 − 2,SDT1V 2,SDT1−3(1+J)U:0+93V−2,SDTσ1 W if σ2 > σ2,maxσ1  (25)  
     
This new variable σ* will be used in the modified Mogi-Coulomb new criterion instead of σ2. 
 
One important aspect of this new criterion is that it allows for some increase in the strength of rock before failure in triaxial 
extension tests (σ1=σ2>σ3), as a function of β, but also as a function of the level of the confining stress σ3. This strategy was 
intended to better simulate the above reported strengthening effect that was suggested to increase with the value of confining 
stress. 
 
Alternatively, considering the level of confining stress λ to be equal to β instead of equation (24), then the referred strategy 
will reduce to a constant re-shape of the Mogi-Coulomb criterion, not depending on the level of confining stress. 
 
Examples illustrating the impact of these factors for different values of β and λ are given below. 
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Figure 5 – Modified Mogi-Coulomb criterion with λ=βσ3/C0 for λ=β=0.5, φ=30o, c=50 MPa and different values of σ3. 
Dashed lines represent Mogi-Coulomb criterion. 
 
 
Figure 6– Modified Mogi-Coulomb criterion with λ=β=0.5 for φ=30o, c=50 MPa and different values of σ3 
 
Comparison with laboratory tests data 
As already stated, fully triaxial tests are relatively new and difficult to conduct. For this reason, not many data was found in 
literature and most of it are for levels of σ2 below σ2,maxσ1. Valid data was mainly taken from Al-Ajmi, in its turn taken from 
other authors as referred in his thesis (Al-Ajmi, 2006). Data for salt was taken from a recent paper on new polyaxial tests 
(Sriaipai & Fuenkajorn, 2010). 
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In Appendix C, results matching Mogi-Coulomb criterion with laboratory tests are shown, as well as results from fitting 
parameter β (considering λ=β) for the cases where the new proposed Modified Mogi-Coulomb criterion is adoptable. 
 
Measure of the misfit (M) for each case is also presented, calculated as the average of percentage difference between values 
form laboratory tests and predicted values, which in the case of N tests is given by: 
 
 
Y = ∑
[\A]^_`abc_`d\Ae_fgh^_`[\Ae_fgh^_`i   (26) 
 
 
Wellbore Stability Analysis 
In order to study the stress pattern around the wellbore, one important change of coordinate system will first have to be 
considered, in order to describe the stress state in a system aligned with the wellbore.  
 
The in situ stress tensor in a coordinate system aligned with the principal axes is given by 
 
j 0 00 k 00 0 l   (27) 
 
where σv represents the principal vertical stress, σH the major horizontal principal stress and σh the minor horizontal principal 
stress. 
 
By definition, σH≥σh, and depending on the relative magnitude of σv, three types of in situ stress regimes can be identified: 
 
• Normal faulting, if σv>σH>σh 
• Reverse faulting, if σH>σh>σv 
• Strike-slip, if σH>σv>σh 
 
Defining σ1 as the major principal stress, σ2 as the intermediate principal stress and σ3 as the minimum principal stress, so that 
σ1≥σ2≥σ3, the possible stress regimes can be summarized in the picture below: 
 
 
 
 
(a) Normal faulting, (b) Reverse faulting, (c) Strike-slip. 
 
Figure 7 – Stress regimes depending on in situ stresses  
(Fjaer et al., 1992) 
 
The relationship between the in situ stress tensor in a Cartesian coordinate system aligned with the principal axes (x´, y´ and 
z´) and the in situ stress tensor in a Cartesian coordinate system aligned with the wellbore (x,y,z), as described by the picture 
below, is given by (Al-Ajmi, 2006): 
16  Fully-triaxial rock failure criteria and implications for wellbore stability 
 
Figure 8 – Coordinate Systems for a deviated borehole 
(Al-Ajmi, 2006) 
 8 = (j cos! m + k sin! m) cos! n +l  sin! n, 8 = j sin! m + k cos! m, 8 = (j cos! m + k sin! m) sin! n + l cos! n,  (28) 8 = 0.5(k − j) sin 2m  cos n, 8 = 0.5(k − j) sin 2m sin n, 8 = 0.5(j cos! m + k sin! m − l) sin 2n. 
 
where α is called the azimuth, and measures the horizontal angle between the principal major horizontal stress and the 
borehole axis, and i is the angle between the vertical and the borehole axis.  
 
The superscript “0” indicates that this set of equations refers to a coordinate system change and that stresses are still in situ 
stresses before wellbore construction.  
 
After wellbore drilling, the stress pattern is going to change due to the new state of equilibrium caused by the extraction of the 
rock portion taken out of the hole. Considering several assumptions related to material properties and deformations patterns, 
namely elastic behavior and plain strain condition, the stress tensor in cylindrical coordinates at the face of the hole is given by 
(Al-Ajmi, 2006) (after the work of Kirsch in 1898, Charlez in 1997, Hiramatsu and Oka in 1968, and Fairhurst in 1968): 
 
 p pq ppq q qp q   (29) 
where 
 p = rs , q = 8 + 8 − 2U8 − 8V cos 2& − 4 sin 2& − rs ,  = l − 2t(j − k) cos 2&, (30) q = 2(−σuv8 sin θ + σux8 cos θ), pq = 0, p = 0. 
 
where 
 
• Pw is the fluid pressure inside the borehole 
• The angle θ is defined in Figure 8 and Figure 9 
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• σr, σθ and σz are the radial, tangential and axial stresses, respectively 
• σθz, σrθ, σrz are the correspondent shear stresses. 
 
 
Figure 9 – Cylindrical Coordinate Systems for a deviated borehole and respective stress tensor 
 
Since the only shear stress that might be different from zero is σθz, and σr is always equal to the wellbore pressure, finding the 
principal stresses in a particular point in the wellbore wall is a 2D problem that can be solved using equations (9) and (10), so 
that: 
 y = rs   
 
z = {|! + ./|"{! 0! + σq!   (31) 
 
} = {|! − ./|"{! 0! + σq!   
 
The greatest of these three stresses
 
will be σ1, the smaller σ3, and the intermediate σ2. 
 
In order to find the most unfavorable point inside the wellbore (in terms of stress concentration), a determination of the 
principal stresses for all values of θ would have (in principal) to take place, each one eventually compared with the adopted 
failure criterion, which could imply a heavy procedure demanding considerable computational effort. 
 
As the stress concentration around the wellbore is dominated by the tangential stresses (Al-Ajmi, 2006) (after the work of 
Aadnoy in 1988, Aadnoy in 1990 and Hossain et al. in 2000) and also due to the fact that all the maximum and minimum 
normal stresses reach their values at the same points, the locations of the extreme stress concentrations are given by: 
  
&- = -! D~D  ! H H"H ,     &! = &- + !  (32) 
 
One of these two angles (θ1 or θ2) gives the highest value of σθ and will correspond to the point where the stress state will be 
critical and where the corresponding principal stresses will be used to compare with the failure criterion (usually defined as 
σ1= f(σ2,σ3)). In the end, the resistance is verified if σ1 given by the failure criterion is greater or equal to the σ1 acting on the 
wellbore wall. 
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Critical Mud Pressure 
Changing the value of Pw (which can be achieved by changing the mud weight), will affect all the principal stresses differently, 
leading eventually to one possible combination of stresses that is acceptable for the failure criterion in consideration. The 
minimum value of Pw that leads to a stable borehole is called the Critical Mud Pressure.  
 
In order to take pore pressure into account, effective stress concept has to be applied before using the failure criterion. In fact, 
failure criteria laws are valid for stresses actually propagated by the granular part of the rock mass, the part that presents shear 
resistance. Fluids present in the pores do not resist to shear stresses and the hydrostatic pressure associated with them must 
therefore be excluded of the criterion equation. Hence, considering that the stress tensor acting on a point in the rock mass is 
given by: 
 
- 0 00 ! 00 0 2  (33) 
 
And that at that point the pore pressure is given by Po, than the effective stress tensor would be given by 
 
- − r< 0 00 ! − r< 00 0 2 − r< (34) 
 
 
 The failure criterion should hence be expressed as  
 
σ1eff=f(σ2eff,σ3eff) ⇔ σ1-Po=f(σ2-Po,σ3-Po) (35) 
  
Following the work done by Al-Ajmi (Al-Ajmi, 2006), a VBA program for Microsoft Excel was implemented (see Appendix 
E) with the objective of finding the critical mud weight value Pw given the depth of the point in analysis, the polyaxial stress 
gradients (σvg, σHg and σhg), the pore pressure gradient Pog, the rock properties: cohesion (c), angle of internal friction (ϕ), 
poisson ratio (υ) and strengthening factor (β), as well as drilling parameters azimuth (α) and inclination (i). 
 
This implementation will permit to study the impact, in terms of wellbore stability, of using the Modified Mogi-Coulomb 
criterion instead of the Mogi-Coulomb criterion. The objective of this study would be to find the areas in which using these 
two criteria would lead to significantly different results. 
 
 
Differences between Mogi-Coulomb and Modified Mogi-Coulomb in estimating critical Mud 
pressure 
Analysis were done for different stress regimes and started by identifying which parameters appeared to affect most the 
difference between the results given from Mogi-Coulomb (MC) and Modified Mogi-Coulomb (MMC) criteria. 
 
The parameters were varied within an expectable range for typical reservoir rocks, considering variations of a single parameter 
first, to study its separate impact on Pw differences. A final analysis was then done, where all the parameters were fixed with 
the value that contributed for higher differences in Pw, varying then the wellbore inclination i, that showed to have a big impact 
on Pw differences for all stress regimes. 
 
Normal Fault Stress Regime 
The following parameters were considered for Normal Fault Stress Regime (NFSR) analysis: 
 
• Depth= 8000vft 
• Vertical stress gradient σvg =1 psi/ft 
• Maximum horizontal stress gradient σHg=0.86 psi/ft 
• Minimum horizontal stress gradient σhg=0.76 psi/ft 
• Cohesion c =10 psi to 1000 psi 
• Angle of internal friction ϕ=25º to 50º 
• Poisson ratio υ=0.25 
• Azimuth α (between σH and borehole axis)=0º to 90º 
• Inclination i (between the vertical and borehole axis)=0º to 90º 
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The picture below shows that the differences in Pw found by the three criteria are almost constant for small values of internal 
friction angle (ϕ), increasing considerable for values of ϕ greater than 40 degrees. 
 
 
Figure 10 – Impact of internal friction angle on Pw for different criteria in NFSR (c=500 psi, i=0o) 
 
Cohesion seems to be of small influence, as can be seen in the picture below, where differences of Pw determined by the two 
criteria appear to be almost constant. 
 
Figure 11 - Impact of cohesion on Pw for different criteria in NFSR (ϕ=30o, i=0o) 
 
The inclination of the wellbore relative to the vertical (0º corresponds to a vertical hole) has a considerable impact in the 
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differences between Pw calculated from different criteria (up to 30%), as depicted in Figure 12. For angles higher than 40º, 
differences between criteria decrease to zero.  
 
 
Figure 12 - Impact of wellbore inclination on Pw for different criteria in NFSR (β=2, ϕ=45o, c=500 psi, α=90o) 
 
Reverse Fault Stress Regime 
The following parameters were considered for Reverse Fault Stress Regime (RFSR) analysis: 
 
• Depth= 8000vft 
• Vertical stress gradient σvg =0.55 psi/ft 
• Maximum horizontal stress gradient σHg=1.1 psi/ft 
• Minimum horizontal stress gradient σhg=0.80 psi/ft 
• Cohesion c=100 psi to 1000 psi 
• Angle of internal friction ϕ=25º to 50º 
• Poisson ratio υ=0.25 
• Azimuth α (between σH and borehole axis)=0º to 90º 
• Inclination i (between the vertical and borehole axis)=0º to 90º 
 
Neither internal friction angle nor cohesion seem to have an impact on Pw differences between Mogi-Coulomb and Modified 
Mogi-Coulomb criteria, in a Reverse Fault stress regime, as can be seen in Figure 13 and Figure 14, where the two criteria 
coincide in the same continuous line. 
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Figure 13 - Impact of internal friction angle on Pw for different criteria in RFSR (c=500 psi, i=0o) 
 
Figure 14 - Impact of cohesion on Pw for different criteria in RFSR (ϕ=30o, i=0o) 
 
As for borehole inclination, the differences in Pw calculated using the Mogi-Coulomb criterion and the Modified Mogi-
Coulomb criterion are depicted in Figure 15. For this type of stress regime, horizontal wells (i=90º) present the biggest 
difference between failure criteria (10%), which remains zero for vertical wells and for wells inclined up to 50º with the 
vertical. 
 
0
1000
2000
3000
4000
5000
6000
25 30 35 40 45 50 55
P
w
 (
p
si
)
Internal friction angle (deg)
Mogi-Coulomb
Mod. Mogi-Coulomb
6000
6500
7000
7500
8000
8500
9000
0 200 400 600 800 1000
P
w
 (
p
si
)
Cohesion (psi)
Mogi-Coulomb
Mod. Mogi-Coulomb
22  Fully-triaxial rock failure criteria and implications for wellbore stability 
 
Figure 15 - Impact of wellbore inclination on Pw for different criteria in RFSR (β=2, ϕ=30o, c=500 psi, α=90o) 
 
Strike-Slip Stress Regime 
The following parameters were considered for Strike-Slip Stress Regime (SSSR) analysis: 
 
• Depth= 8000vft 
• Vertical stress gradient σvg =0.80 psi/ft 
• Maximum horizontal stress gradient σHg=1.1 psi/ft 
• Minimum horizontal stress gradient σhg=0.50 psi/ft 
• Cohesion c=10 psi to 1000 psi 
• Angle of internal friction ϕ=25º to 50º 
• Poisson ratio υ=0.25 
• Azimuth α (between σH and borehole axis)=0º to 90º 
• Inclination i (between the vertical and borehole axis)=0º to 90º 
 
As for the case of RF stress regime, for Strike-Strip stress regime neither internal friction angle nor cohesion seem to have an 
impact on Pw differences from Mogi-Coulomb and Modified Mogi-Coulomb criteria, as can be seen in Figure 16 and Figure 
17 where the two criteria also coincide in the same continuous line. 
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Figure 16 - Impact of internal friction angle on Pw for different criteria in SSSR (c=500 psi, i=0o) 
 
Figure 17 - Impact of cohesion on Pw for different criteria in SSSR (ϕ=30o, i=0o) 
The impact of the inclination angle in the differences of Pw is depicted in Figure 18, where a maximum difference of near 20% 
is achieved for i=90º and no difference is found for values of i under 70º. 
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Figure 18 - Impact of wellbore inclination on Pw for different criteria in SSSR (β=2, ϕ=30o, c=500 psi, α=90o) 
 
Summary and Conclusions 
An extensive literature review was done considering fully-triaxial failure criteria and their accuracy relatively to laboratory 
tests, including work of other researchers not cited here (Rafiai, 2011, You, 2011, Zhang et al., 2010, You, 2009, Pariseau, 
2006, Colmenares & Zoback, 2002, Benz & Schwab, 1987, Byerlee, 1968), as well as it implications in wellbore stability 
(Fjaer et al., 1992, Aadnoy & Chenevert, 1987, Zoback et al., 1985).  
 
A new methodology for measuring accuracy was implemented, based on the measurement of the misfit between 
experimentally measured maximum principal stresses σ1 and the ones predicted by the failure criterion, using a Visual Basic 
program for Microsoft Excel that calculates σ1 given by Mogi-Coulomb criterion as a function of rock properties and the other 
principal stresses σ2 and σ3.  
 
Based on the observation that the final part of Mogi-Coulomb σ1 curve is usually less well fit than the first part, as well as the 
previously noted (by other researchers) difference between triaxial compression tests and extension tests, a new improvement 
to the Mogi-Coulomb criterion has been proposed, called the Modified Mogi-Coulomb criterion (MMC), that allows for an 
extra degree of freedom for the last part of the σ1 curve, function of a new parameter called strengthening factor (β), assumed 
as a rock property, that can be calculated for each rock by minimizing the misfit between predicted and experimental data. 
 
Existing polyaxial data was analyzed using Modified Mogi-Coulomb criterion and a considerable reduction in the misfit 
calculated using the MMC criterion has been noted, when compared with the one calculated the by MC criterion (38% for the 
trachyte specimen, 31% for the salt specimen), whenever the laboratory tests were conducted to levels of σ2 close to σ1 with 
representative data (which was just in the two cases here cited). 
 
Wellbore stability implications of the new MMC criterion were analyzed using a VBA program for Microsoft Excel that 
calculates critical borehole pressure (Pw) for different criteria. Sensitivity of both (MC and MMC) criteria to several 
parameters at different stress regimes is first analyzed and then a final analyses is done, showing the sensitivity of Pw to 
borehole inclination (the parameter that presented impact for all stress regimes), considering all the other parameters fixed 
with typical values present in hydrocarbon reservoirs. 
 
The consideration of the strengthening factor appears to contribute for a lower misfit between experimental and predicted data, 
supporting the theory that this could be a rock property. 
 
Using MMC criterion to estimate the critical mud pressure gives the same result than using the MC criterion, except for the 
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cases of: 
 
• Normal Fault Stress Regime: Relatively high angles of internal friction (ϕ>40º) or boreholes with inclinations relative 
to the vertical lower than 40º. Differences are greatest for vertical wells and in the order of 30%. 
• Reverse Fault Stress Regime: Boreholes with inclinations relative to the vertical higher than 50º. Differences are 
greatest for horizontal wells and in the order of 10%. 
• Strike-Slip Stress Regime: Boreholes with inclination relative to the vertical higher than 70º. Differences are greatest 
for horizontal wells and in the order of 20%. 
 
All the values of Pw cited above are lower when calculated using the MMC criterion than using the MC criterion. 
 
 
Nomenclature 
τ = shear stress, Mpa 
σn = normal stress, MPa 
ϕ = angel of internal friction, degrees 
σxx, σx  = normal stress acting on a plane perpendicular to the x coordinate system direction, MPa 
σyy, σy = normal stress acting on a plane perpendicular to the y coordinate system direction, MPa 
σzz, σz = normal stress acting on a plane perpendicular to the z coordinate system direction, MPpa 
σyx, τyx = tangential stress (along the x direction) acting on a plane perpendicular to the y coordinate system direction, 
MPa 
σxz, τxz = tangential stress (along the z direction) acting on a plane perpendicular to the x coordinate system direction, 
MPa 
σyx, τyx = tangential stress (along the x direction) acting on a plane perpendicular to the y coordinate system direction, 
MPa 
σyz, τyz = tangential stress (along the z direction) acting on a plane perpendicular to the y coordinate system direction, 
MPa 
σzx, τzx = tangential stress (along the x direction) acting on a plane perpendicular to the z coordinate system direction, 
MPa 
σzy, τzy = tangential stress (along the y direction) acting on a plane perpendicular to the z coordinate system direction, 
MPa 
θ = angle between the major principal stress and the plane for which stresses are being determined, degrees 
σ1 = major principal stress, MPa 
σ2 = intermediate principal stress, MPa 
σ3 = minor principal stress, MPa 
C0 = uniaxial or unconfined compression strength, MPa 
q = coefficient of Rankine’s passive pressure, dimensionless 
τoct = octahedral shear stress, MPa 
σm,2 = octahedral effective normal stress, MPa 
a = linear Mogi-Coulomb criterion parameter, constant part, MPa 
b = linear Mogi-Coulomb criterion parameter, linear part, MPa 
β = strengthening factor, dimensionless 
λ = level of confining stress, dimensionless 
σ2,amaxσ1 = value of σ2 where σ1 is maximum, MPa 
σ* = σ2 equivalent, after a variable change, to use in Modified Mogi-Coulomb criterion, MPa 
M = misfit average between predicted and experimental data, dimensionless 
σH = major horizontal principal stress, MPa 
σh = minor horizontal principal stress, MPa 
σv = vertical principal stress, MPa 
α = azimuth angle between the major horizontal principal stress and the borehole axis, degrees 
i = inclination angle between the vertical and the borehole axis, degrees 
σx
0
 = normal stress acting on a plane perpendicular to the x direction of the coordinate system that has the z axis 
aligned with the wellbore direction, MPa 
σy
0
 = normal stress acting on a plane perpendicular to the y direction of the coordinate system that has the z axis 
aligned with the wellbore direction, MPa 
σz
0
 = normal stress acting on a plane perpendicular to the z direction of the coordinate system that has the z axis 
aligned with the wellbore direction, MPa 
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σxy
0
 = shear stress (along the y direction) acting on a plane perpendicular to the x direction of the coordinate system 
that has the z axis aligned with the wellbore direction, MPa 
σyz
0
 = shear stress (along the z direction) acting on a plane perpendicular to the y direction of the coordinate system 
that has the z axis aligned with the wellbore direction, MPa 
σxz
0
 = shear stress (along the z direction) acting on a plane perpendicular to the x direction of the coordinate system 
that has the z axis aligned with the wellbore direction, MPa 
σr = radial normal stress, acting on a plane perpendicular to the radial direction, MPa 
σθ = tangential stress, normal to a plane parallel to the radial direction and to the wellbore, MPa 
σz = axial stress, normal to a plane perpendicular to the wellbore (z direction), MPa 
σθz = shear stress (along σz direction), acting on a plane perpendicular to σθ, MPa 
σrθ = shear stress (along σθ direction), acting on a plane perpendicular to σr, MPa 
σrz = shear stress (along σz direction), acting on a plane perpendicular to σr, MPa 
Pw = pressure inside the wellbore, MPa 
σa, σb, σc = principal stresses normal to the principal axes, before being organized in σ1, σ2, σ3 accordingly with their 
values, MPa 
Po = pore pressure, MPa 
σeff = effective stress, equal to the total stress minus the pore pressure, MPa 
NFSR = normal fault stress regime 
RFSR = reverse fault stress regime 
SSSR = strike-slip stress regime 
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Appendix A - Milestones in fully-triaxial rock failure criteria and implications for wellbore stability  
 
 
Source Year Title Authors Contribution 
Journal of 
Geophysical 
Research. 72 
(20), 5117-
5131 
1967 “Effect of the intermediate principal stress on rock failure” Mogi, K. 
Confirmation that σ2 has an impact on 
strength at failure, although smaller 
than σ3 
Journal 
Tectonophysics 
11 (2), 111-127 
1971 
“Effect of the triaxial stress 
system on the failure of 
dolomite and limestone” 
Mogi, K. 
Introduction of a new triaxial cell 
capable of performing true triaxial 
(polyaxial) tests. Proposes new 
extension of von Mises criterion. 
Journal of 
Geophysical 
Research. 76 
(5), 1255-1269 
1971 
“Fracture and flow of rocks 
under high triaxial 
compression” 
Mogi, K. 
Yield and fracture depend both on 
maximum distortional energy but are 
differently correlated with principle 
stresses 
Int J Rock 
Mech Min Sci, 
39[6], 695-729 
2002 
“A statistical evaluation of 
intact rock failure criteria 
constrained by polyaxial test 
data for five different rocks” 
Colmenares, L. B. 
and Zoback, M. D. 
Comprehensive statistical analysis 
over the most important polyaxial 
failure criteria, measuring the misfits 
and stressing out the advantages and 
disadvantages of each criterion. 
PHD Thesis in 
in KTH 2006 
“Wellbore stability analysis 
based on a new true-triaxial 
failure criterion” 
Al-Ajmi, A. 
New linear Mogi-Coulomb criterion 
is developed and implications on 
wellbore stability are presented 
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Appendix B - Critical Literature Review 
 
Journal of Geophysical Research. 72 (20), 5117-5131 (1967) 
Effect of the intermediate principal stress on rock failure 
Authors: Mogi, K. 
Contribution to the understanding of fully-triaxial rock failure criteria and implications for wellbore 
stability: 
Confirmation that σ2 has an impact on σ1, although not as significant as σ3. Showed that triaxial 
compression tests give different results from triaxial extension tests. 
Objective of the paper: 
Present the results of the research done on triaxial and biaxial tests, run with improved accuracy on three 
rock types.  
Methodology used: 
A series of triaxial compression and extension tests were run, as well as biaxial tests, on three different 
types of rock specimen, following procedures and using equipment designed to improve accuracy. 
Results were plotted and compared with two failure criteria (Mohr and Von-Mises), with poor matching 
for both. 
Conclusion reached: 
Not many conclusions are taken, being referred that further studies will help reaching them. A theory, 
based on small cracks is proposed for explaining the effect of intermediate stress in total resistance. 
 
Journal Tectonophysics. 11 (2), 111-127 (1971a) 
Effect of the triaxial stress system on the failure of dolomite and limestone 
Authors: Mogi, K. 
Contribution to the understanding of fully-triaxial rock failure criteria and implications for wellbore 
stability: 
Introduction of a new triaxial cell capable of performing true triaxial (polyaxial) tests. Shows that σ3 
increases the ductility whilst σ2 decreases it. Proposes new extension of von Mises criterion. 
Objective of the paper: 
Present the results of the research done using a new type of apparatus capable of performing true triaxial 
tests.  
Methodology used: 
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Two types of rock were tested with the new apparatus and plots were made relating von-Mises’ 
octahedral stress and effective mean stress. 
Conclusion reached: 
Final rock resistance depends on intermediate stress, but far less than it depends on the minimum 
principal stress. The plots of von-Mises’ octahedral stress (τoct) against effective mean stress ((σ1+σ2)/2) 
show a good correlation between these two variables, indicating that true triaxial failure in rocks should 
be described by a relationship involving them. 
 
Journal of Geophysical Research. 76 (5), 1255-1269 (1971b) 
Fracture and flow of rocks under high triaxial compression 
Authors: Mogi, K. 
Contribution to the understanding of fully-triaxial rock failure criteria and implications for wellbore 
stability: 
States that yield and fracture depend both on maximum distortional energy but are differently correlated 
with principle stresses. 
Objective of the paper: 
Present more results of the research done using a new type of apparatus capable of performing true 
triaxial tests.  
Methodology used: 
The same methodology of the previous paper was applied to more rock specimens. 
Conclusion reached: 
The same of previous paper but proposing a dependence of octahedral stress (τoct) with mean effective 
stress ((σ1+σ2)/2) if the fracture case is considered and with mean principal stress (((σ1+σ2+σ3)/2 in the 
case of yielding. 
 
International Journal of Rock Mechanics and Mining Sciences, 39[6], 695-729 (2002) 
A statistical evaluation of intact rock failure criteria constrained by polyaxial test data for five different 
rocks 
Authors: Colmenares, L. B. and Zoback, M. D. 
Contribution to the understanding of fully-triaxial rock failure criteria and implications for wellbore 
stability: 
A comprehensive statistical analysis is done over the most important polyaxial failure criteria, measuring 
the misfits and stressing out the advantages and disadvantages of each criterion. 
   B-3 
 
  
 Objective of the paper: 
Compare results from different failure criteria, concluding on which are more adequate for some 
particular conditions. 
Methodology used: 
Gives an overview on several failure criteria and executes the statistical treatment of the data. Plots the 
misfits as a function of rock properties, defining regions of better applicability for each criterion. 
Conclusion reached: 
Modified Wiebols and Cook and the Modified Lade criteria achieved good fits to most of the test data. 
The Mogi 1967 empirical criterion was always able to reproduce the trend of the experimental data for all 
the rocks. The Drucker–Prager failure criterion did not accurately indicate the value of σ1 at failure and 
had the highest misfits. 
 
 
Doctoral Thesis in Engineering Geology. KTH, Land and Water Resources Engineering (2006) 
Wellbore stability analysis based on a new true-triaxial failure criterion 
Authors: Odeh, A. S. 
Contribution to the understanding of fully-triaxial rock failure criteria and implications for wellbore 
stability: 
A new true-triaxial failure criterion, the Mogi-Coulomb, criterion is developed. This failure criterion is a 
linear failure envelope in the Mogi domain (τoct-σm,2 space) which can be directly related to the Coulomb 
strength parameters, cohesion and friction angle.  
Objective of the paper: 
Provide a new criteria to define rock failure that is in accordance with both triaxial and polyaxial tests. 
Compare the accuracy of this new criterion with others widely used in previous literature. Present the 
impact of this new criterion in wellbore stability. 
Methodology used: 
A linear dependency is assumed and tested against laboratory results available, showing a good relation. 
It is also compared with other criteria and proven to be better. An analytical approach is made in 
verifying the accordance of the new criterion with the Mohr-Coulomb criterion, when considering a 
triaxial stress state, concluding that they represent the same criterion in these conditions. An analytical 
analysis is used to study the impact of the new criterion in vertical and horizontal wells, deriving 
expressions for mud pressure determination. For inclined wells, a computer program is developed that 
numerically determines the mud weight needed for borehole stability. 
Conclusion reached: 
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 Fully-triaxial rock failure criteria and implications for wellbore stability 
Linear Mogi-Coulomb criterion is an accurate way of simulating rock behavior at failure, for a true 
triaxial (polyaxial) stress state. It is equivalent to the well known and tested Mohr-Coulomb criterion in 
triaxial stress states and the needed parameters can be derived from triaxial tests, leading to expressions 
that depend only of cohesion and internal friction angle. This new criterion leads to a less conservative 
mud weight compared with the Mohr-Coulomb criterion, because it takes into account the strengthening 
effect of σ2. The results predicted by the criterion are in line with the results given by tests, especially in 
the zones where σ2 is not close to σ1. 
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Appendix C  - Comparison between laboratory tests and values predicted by Mogi-Coulomb and 
Modified Mogi-Coulomb Criteria 
 
 
Figure 19 – Dolomite with φ=310 c=102 MPa (i) 
 Misfit=3.8% 
 
 
Figure 20 – Dolomite with φ=310 c=102 MPa (ii) 
Misfit=3.8% 
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Figure 21 - Limestone with φ=260 c=102 MPa 
Misfit= 3.2% 
 
 
Figure 22 - Trachyte with φ=280 c=48 MPa β=0.30 
 Misfit= 8.9% (Mogi-Coulomb), Misfit= 5.5% (Modified Mogi-Coulomb) 
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Figure 23 - Sandstone with φ=340 c=19 MPa β=0.06 (i) 
Misfit= 7.2% (Mogi-Coulomb), Misfit= 6.7% (Modified Mogi-Coulomb) 
 
Figure 24 - Sandstone with φ=340 c=19 MPa (ii) 
Misfit= 7.2% 
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Figure 25  - Amphibolite with φ=430 c=58 MPa 
Misfit= 13.8% 
 
Figure 26- Sandstone with φ=430 c=58 MPa 
Misfit= 13.8% 
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Figure 27 - Marble with φ=430 c=13 MPa (i) 
Misfit= 14.0% 
 
Figure 28- Marble with φ=430 c=13 MPa (ii) 
Misfit= 14.0% 
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Figure 29 - Granite with φ=490 c=49 MPa (i) 
Misfit= 10.9% 
 
Figure 30 - Granite with φ=490 c=49 MPa (ii) 
Misfit= 10.9% 
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Figure 31 - Shale with φ=270 c=29 MPa 
Misfit= 4.38% 
 
Figure 32 – Salt with φ=440 c=6 MPa (i) 
 Misfit= 15.2% (Mogi-Coulomb), Misfit= 10.5% (Modified Mogi-Coulomb) 
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Figure 33– Salt with φ=440 c=6 MPa (ii) 
 Misfit= 15.2% (Mogi-Coulomb), Misfit= 10.5% (Modified Mogi-Coulomb) 
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Appendix D - Calculations used to build the figures in Appendix C 
 
NOTES: 
1. Data from laboratory tests presented in italic correspond to values estimated from linear interpolation between closest 
values. They are used to extend Mogi-Coulomb and Modified Mogi-Coulomb criteria to their maximum possible 
extent (σ2=σ1), in order to estimate total misfit. 
2. In Mogi-Coulomb criterion, whenever a laboratory test was conducted for a value of σ2 greater than Co+qσ3, the value 
of σ1 returned by the program is equal to Co+qσ3. This option is relevant only for calculation of the total average 
misfit. 
 
 
 
DOLOMITE          
φ c  q C0  a b  β 
deg Mpa   Mpa  Mpa    
30.61 101.73  3.07 356.73  82.55 0.48  0.00 
rad          
0.534          
          
Laboratory Tests   Mohr Error  Mogi-Coulomb Error  
σ1 σ2 σ3  σ1 σ1  σ1 σ1 σ2=σ1 
Mpa Mpa Mpa  Mpa   Mpa  Mpa 
257 0 0  357 39%  357 39% 357 
400 25 25 σ3=25 MPa 434 8%  434 8% 434 
474 68 25  434 9%  474 0%  
500 91 25  434 13%  493 1%  
553 135 25  434 22%  525 5%  
574 177 25  434 24%  550 4%  
594 232 25  434 27%  574 3%  
544 269 25  434 20%  583 7%  
488 45 45 σ3=45 MPa 495 1%  495 1% 495 
562 100 45  495 12%  546 3%  
586 124 45  495 16%  566 3%  
607 159 45  495 18%  591 3%  
639 183 45  495 23%  607 5%  
671 241 45  495 26%  637 5%  
670 263 45  495 26%  646 4%  
622 293 45  495 20%  655 5%  
568 65 65 σ3= 65 MPa 557 2%  557 2% 557 
636 113 65  557 12%  602 5%  
642 152 65  557 13%  634 1%  
687 208 65  557 19%  674 2%  
684 259 65  557 19%  702 3%  
725 306 65  557 23%  722 0%  
700 390 65  557 20%  741 6%  
624 85 85 σ3= 85 MPa 618 1%  618 1% 618 
682 126 85  618 9%  657 4%  
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718 150 85  618 14%  679 5%  
743 230 85  618 17%  738 1%  
771 300 85  618 20%  778 1%  
818 371 85  618 24%  806 1%  
798 440 85  618 23%  818 2%  
679 105 105 σ3= 105 MPa 680 0%  680 0% 680 
776 165 105  680 12%  736 5%  
784 202 105  680 13%  767 2%  
804 265 105  680 15%  812 1%  
822 331 105  680 17%  849 3%  
839 351 105  680 19%  859 2%  
820 411 105  680 17%  881 7%  
863 266 105        
724 125 125 σ3= 125 MPa 741 2%  741 2% 741 
823 186 125  741 10%  799 3%  
859 241 125  741 14%  844 2%  
862 288 125  741 14%  877 2%  
893 359 125  741 17%  919 3%  
942 411 125  741 21%  943 0%  
918 458 125  741 19%  959 4%  
887 510 125  741 16%  970 9%  
892 254 145 σ3= 145 MPa 803 10%  901 1% 803 
929 292 145  803 14%  929 0%  
924 319 145  803 13%  948 3%  
922 342 145  803 13%  962 4%  
1016 387 145  803 21%  988 3%  
1003 404 145  803 20%  997 1%  
953 451 145  803 16%  1018 7%  
          
   Misfit=  16.11%   3.81%  
Table 1 – Dolomite: Laboratory tests versus predicted values for Mohr and Mogi-Coulomb criteria 
 
LIMESTONE          
φ c  q C0  a b  β 
deg Mpa   Mpa  Mpa    
25.78 102.00  2.54 325.07  86.60 0.41  0.00 
rad          
0.450          
          
Laboratory 
Tests    Mohr Error  
Mogi-
Coulomb Error  
σ1 σ2 σ3  σ1 σ1  σ1 σ1 σ2=σ1 
Mpa Mpa Mpa  Mpa   Mpa  Mpa 
395 20 20 σ3=20 
MPa 
376 5%  376 5% 376 
415 52 20  376 9%  402 3%  
413 91 20  376 9%  430 4%  
455 165 20  376 17%  468 3%  
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459 203 20  376 18%  480 5%  
464 231 20  376 19%  485 5%  
442 40 40 σ3=40 MPa 427 3%  427 3% 427 
455 40 40  427 6%  427 6%  
486 80 40  427 12%  459 5%  
496 113 40  427 14%  483 3%  
526 190 40  427 19%  524 0%  
542 267 40  427 21%  545 1%  
534 312 40  427 20%  546 2%  
472 60 60 σ3=60 MPa 477 1%  477 1% 477 
516 87 60  477 7%  500 3%  
535 100 60  477 11%  510 5%  
529 111 60  477 10%  519 2%  
573 162 60  477 17%  552 4%  
551 196 60  477 13%  570 4%  
556 271 60  477 14%  599 8%  
529 80 80 σ3=80 
MPa 
528 0%  528 0% 528 
569 125 80  528 7%  565 1%  
580 150 80  528 9%  583 1%  
641 205 80  528 18%  617 4%  
592 221 80  528 11%  626 6%  
674 280 80  528 22%  651 3%  
659 294 80  528 20%  655 1%  
648 373 80  528 18%  667 3%  
678 448 80  528 22%  652 4%  
          
   Misfit=  12.90%   3.19%  
Table 2 - Limestone: Laboratory tests versus predicted values for Mohr and Mogi-Coulomb criteria 
 
TRACHYTE 
              
φ c  q C0  a b  β      
deg Mpa   Mpa  Mpa         
27.82 47.81  2.75 158.59  39.87 0.44  0.30      
rad               
0.486               
               
Laboratory 
Tests   
Mohr Error  Mogi-Coulomb Error σ2=σ1  
Mod. Mogi-
Coulomb Error   
σ1 σ2 σ3  σ1 σ1  σ1 σ1 Mpa  σ1 σ1 σ2=σ1 
σ2 
Max 
σ1 
Mpa Mpa Mpa  Mpa   Mpa    Mpa  Mpa Mpa 
100 0 0  159 59%  159 59% 159  159 59% 181 106 
193 15 15  200 4%  200 4% 200  200 4% 227 138 
253 30 30  241 5%  241 5% 241  241 5% 273 171 
300 45 45 σ3=45 
MPa 
282 6%  282 6% 282  282 6% 319 203 
314 55 45  282 10%  291 7%   291 7%   
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326 71 45  282 13%  305 7%   305 7%   
333 96 45  282 15%  323 3%   323 3%   
349 142 45  282 19%  348 0%   348 0%   
361 214 45  282 22%  361 0%   361 0%   
365 289 45  282 23%  282 23%   337 8%   
351 332 45  282 20%  282 20%   282 20%   
365 282 45 
 282 23%  282 23%   341 7%   
355 319 45 
 282 20%  282 20%   319 10%   
339 60 60 σ3=60 
MPa 
324 5%  324 5% 324  324 5% 366 235 
352 91 60  324 8%  350 1%   350 1%   
383 142 60  324 16%  384 0%   384 0%   
396 191 60  324 18%  405 2%   405 2%   
404 229 60  324 20%  412 2%   412 2%   
400 271 60  324 19%  406 2%   408 2%   
383 331 60  324 16%  324 16%   386 1%   
385 324 60 
 324 16%  324 16%   389 1%   
373 366 60 
 324 13%  324 13%   366 2%   
365 75 75 σ3=75 
MPa 
365 0%  365 0% 365  365 0% 412 268 
400 114 75  365 9%  398 1%   398 1%   
417 153 75  365 13%  424 2%   424 2%   
438 229 75  365 17%  457 4%   457 4%   
439 300 75  365 17%  458 4%   459 5%   
424 343 75  365 14%  429 1%   447 5%   
451 391 75  365 19%  365 19%   424 6%   
416 365 75 
 365 12%  365 12%   438 5%   
400 412 75 
 365 9%  365 9%   412 3%   
419 100 100 σ3=100 
MPa 
434 3%  434 3% 434  434 3% 489 322 
460 137 100  434 6%  466 1%   466 1%   
489 186 100  434 11%  500 2%   500 2%   
494 274 100  434 12%  539 9%   539 9%   
522 382 100  434 17%  531 2%   537 3%   
513 411 100  434 15%  504 2%   528 3%   
506 434 100 
 434 14%  434 14%   518 2%   
489 489 100 
 434 11%  434 11%   489 0%   
               
   Misfit=  15.34%   8.87%    5.49%   
Table 3 - Trachyte:  Laboratory tests versus predicted values for Mohr, Mogi-Coulomb and Modified Mogi-Coulomb criteria 
 
 
SANDSTONE 
             
φ c  q C0  a b  β      
deg Mpa   Mpa  Mpa         
34.20 19.07  3.57 72.04  14.87 0.53  0.06      
rad               
0.597               
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Laboratory 
Tests   
Mohr Error  Mogi-Coulomb Error   
Mod. Mogi-
Coulomb Error   
σ1 σ2 σ3  σ1 σ1  σ1 σ1 σ2=σ1  σ1 σ1 σ2=σ1 
σ2 Max 
σ1 
Mpa Mpa Mpa  Mpa   Mpa  Mpa  Mpa  Mpa Mpa 
94 9 5 σ3=5 MPa 90 4%  94 0% 90  94 0% 93 66 
97 15 5  90 7%  100 3%   100 3%   
88 29 5  90 2%  112 27%   112 27%   
109 44 5  90 18%  121 11%   121 11%   
94 65 5  90 4%  127 35%   127 35%   
109 12 8 σ3=8 MPa 101 8%  105 4% 101  105 4% 105 74 
129 27 8  101 22%  119 8%   119 8%   
132 41 8  101 24%  130 2%   130 2%   
135 50 8  101 25%  135 0%   135 0%   
127 79 8  101 21%  141 11%   140 10%   
147 15 15 σ3=15 MPa 126 15%  126 15% 126  126 15% 131 95 
157 29 15  126 20%  140 11%   140 11%   
165 62 15  126 24%  165 0%   165 0%   
162 82 15  126 22%  173 7%   173 7%   
159 88 15  126 21%  174 9%   174 9%   
168 97 15  126 25%  174 4%   174 4%   
178 20 20 σ3=20 MPa 143 19%  143 19% 143  143 19% 149 108 
183 30 20  143 22%  154 16%   154 16%   
173 41 20  143 17%  165 5%   165 5%   
185 50 20  143 22%  172 7%   172 7%   
177 57 20  143 19%  177 0%   177 0%   
197 68 20  143 27%  184 6%   184 6%   
194 82 20  143 26%  192 1%   192 1%   
193 97 20  143 26%  196 2%   196 2%   
185 100 20  143 22%  197 6%   197 6%   
197 30 30 σ3=30 
MPa 
179 9%  179 9% 179  179 9% 186 137 
218 47 30  179 18%  197 10%   197 10%   
224 69 30  179 20%  216 4%   216 4%   
232 88 30  179 23%  229 1%   229 1%   
229 109 30  179 22%  239 4%   239 4%   
241 129 30  179 26%  244 1%   244 1%   
227 150 30  179 21%  243 7%   239 5%   
215 171 30  179 17%  228 6%   215 0%   
210 179 30 
 179 15%  179 15%   201 4%   
206 186 30 
 179 13%  179 13%   187 10%   
224 40 40 σ3=40 
MPa 
215 4%  215 4% 215  215 4% 224 165 
244 60 40  215 12%  236 3%   236 3%   
252 70 40  215 15%  245 3%   245 3%   
253 79 40  215 15%  253 0%   253 0%   
252 100 40  215 15%  268 6%   268 6%   
274 99 40  215 22%  267 2%   267 2%   
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265 118 40  215 19%  278 5%   278 5%   
279 138 40  215 23%  287 3%   287 3%   
274 159 40  215 22%  291 6%   291 6%   
231 50 50  250 8%  250 8% 250  250 8% 261 193 
               
   Misfit=  19.44%   7.19%    6.68%   
Table 4 - Sandstone: Laboratory tests versus predicted values for Mohr, Mogi-Coulomb and Modified Mogi-Coulomb criteria 
 
AMPHIBOLITE         
φ c  q C0  a b  β 
deg Mpa   Mpa  Mpa    
42.75 57.92  5.23 264.85  40.10 0.64  0.00 
rad          
0.746          
          
Laboratory Tests   Mohr Error  Mogi-Coulomb Error  
σ1 σ2 σ3  σ1 σ1  σ1 σ1 σ2=σ1 
Mpa Mpa Mpa  Mpa   Mpa  Mpa 
165 0 0 σ3=0 MPa 265 61%  265 61% 265 
346 79 0  265 23%  366 6%  
291 149 0  265 9%  425 46%  
347 197 0  265 24%  449 29%  
267 229 0  265 1%  454 70%  
410 30 30 σ3=30 MPa 422 3%  422 3% 422 
479 60 30  422 12%  466 3%  
599 100 30  422 30%  518 14%  
652 200 30  422 35%  621 5%  
571 249 30  422 26%  658 15%  
637 298 30  422 34%  685 8%  
702 60 60 σ3=60 MPa 578 18%  578 18% 578 
750 88 60  578 23%  620 17%  
766 103 60  578 24%  642 16%  
745 155 60  578 22%  709 5%  
816 199 60  578 29%  759 7%  
888 249 60  578 35%  810 9%  
828 299 60  578 30%  854 3%  
887 347 60  578 35%  889 0%  
954 399 60  578 39%  920 4%  
815 449 60  578 29%  940 15%  
868 100 100 σ3=100 MPa 788 9%  788 9% 788 
959 164 100  788 18%  881 8%  
1001 199 100  788 21%  927 7%  
945 248 100  788 17%  987 4%  
892 269 100  788 12%  1011 13%  
1048 300 100  788 25%  1044 0%  
1058 349 100  788 26%  1093 3%  
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1155 442 100  788 32%  1172 2%  
1118 597 100  788 30%  1261 13%  
1147 150 150 σ3=150 MPa 1049 9%  1049 9% 1049 
1065 198 150  1049 2%  1121 5%  
1112 199 150  1049 6%  1122 1%  
1176 249 150  1049 11%  1192 1%  
1431 298 150  1049 27%  1255 12%  
1326 348 150  1049 21%  1314 1%  
1169 399 150  1049 10%  1371 17%  
1284 448 150  1049 18%  1422 11%  
1265 498 150  1049 17%  1469 16%  
1262 642 150  1049 17%  1584 26%  
          
   Misfit=  23.88%   13.77%  
Table 5 - Amphibolite: Laboratory tests versus predicted values for Mohr and Mogi-Coulomb criteria 
 
MARBLE          
φ c  q C0  a b  β 
deg Mpa   Mpa  Mpa    
42.75 13.23  5.23 60.50  9.16 0.64  0.00 
rad          
0.746          
          
Laboratory Tests   Mohr Error  Mogi-Coulomb Error  
σ1 σ2 σ3  σ1 σ1  σ1 σ1 σ2=σ1 
Mpa Mpa Mpa  Mpa   Mpa  Mpa 
61 4 0 σ3=0 MPa 61 1%  66 9% 61 
77 10 0  61 21%  74 3%  
105 20 0  61 42%  86 19%  
103 35 0  61 41%  98 5%  
66 4 4 σ3=4 MPa 81 23%  81 23% 81 
75 5 4  81 9%  83 11%  
84 7 4  81 3%  86 2%  
94 10 4  81 13%  90 4%  
130 28 4  81 37%  112 14%  
193 69 4  81 58%  137 29%  
143 83 4  81 43%     
84 7 7 σ3=7 MPa 97 16%  97 16% 97 
113 14 7  97 14%  107 5%  
134 28 7  97 28%  125 7%  
192 55 7  97 49%  150 22%  
188 83 7  97 48%  162 14%  
175 110 7  97 45%     
117 14 14 σ3=14 MPa 134 14%  134 14% 134 
126 21 14  134 6%  144 14%  
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147 28 14  134 9%  154 5%  
155 41 14  134 14%  170 10%  
195 57 14  134 31%  187 4%  
255 86 14  134 48%  209 18%  
277 113 14  134 52%  219 21%  
138 21 21 σ3=21 MPa 170 23%  170 23% 170 
150 28 21  170 14%  181 21%  
209 62 21  170 19%  223 7%  
260 83 21  170 35%  244 6%  
289 110 21  170 41%  264 9%  
171 28 28 σ3=28 MPa 207 21%  207 21% 207 
167 48 28  207 24%  236 41%  
222 55 28  207 7%  245 10%  
275 83 28  207 25%  277 1%  
314 110 28  207 34%  301 4%  
349 110 55  348 0%  423 21% 348 
          
   Misfit=  27.38%   14.02%  
Table 6 - Marble: Laboratory tests versus predicted values for Mohr and Mogi-Coulomb criteria 
 
GRANITE          
φ c  q C0  a b  β 
deg Mpa   Mpa  Mpa    
48.86 48.67  7.10 259.35  30.19 0.71  0.00 
rad          
0.853          
          
Laboratory Tests   Mohr Error  Mogi-Coulomb Error  
σ1 σ2 σ3  σ1 σ1  σ1 σ1 σ2=σ1 
Mpa Mpa Mpa  Mpa   Mpa  Mpa 
201 0 0 σ3=0 MPa 259 29%  259 29% 259 
306 40 0  259 15%  333 9%  
301 60 0  259 14%  365 21%  
317 80 0  259 18%  394 24%  
304 100 0  259 15%  422 39%  
231 2 2 σ3=2 MPa 274 18%  274 18% 274 
300 18 2  274 9%  305 2%  
328 40 2  274 17%  344 5%  
359 60 2  274 24%  376 5%  
353 80 2  274 23%  406 15%  
355 100 2  274 23%  434 22%  
430 20 20 σ3=20 MPa 401 7%  401 7% 401 
529 40 20  401 24%  440 17%  
602 60 20  401 33%  477 21%  
554 62 20  401 28%  480 13%  
553 61 20  401 27%  479 13%  
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532 79 20  401 25%  509 4%  
575 100 20  401 30%  543 6%  
567 114 20  401 29%  565 0%  
601 150 20  401 33%  617 3%  
638 202 20  401 37%  684 7%  
605 38 38 σ3=38 MPa 529 13%  529 13% 529 
620 38 38  529 15%  529 15%  
700 57 38  529 24%  567 19%  
733 78 38  529 28%  606 17%  
720 103 38  529 27%  650 10%  
723 119 38  529 27%  677 6%  
731 157 38  529 28%  737 1%  
781 198 38  529 32%  796 2%  
747 60 60 σ3=60 MPa 685 8%  685 8% 685 
811 90 60  685 15%  744 8%  
821 114 60  685 17%  788 4%  
860 180 60  685 20%  900 5%  
861 249 60  685 20%  1005 17%  
889 77 77 σ3=77 MPa 806 9%  806 9% 806 
954 102 77  806 16%  855 10%  
992 142 77  806 19%  930 6%  
998 214 77  806 19%  1052 5%  
1005 310 77  806 20%  1196 19%  
1012 100 100 σ3=100 MPa 969 4%  969 4% 969 
1103 165 100  969 12%  1094 1%  
1147 167 100  969 15%  1098 4%  
1155 216 100  969 16%  1184 3%  
1195 259 100  969 19%  1256 5%  
1129 312 100  969 14%  1339 19%  
          
   Misfit=  20.33%   10.89%  
Table 7 - Granite: Laboratory tests versus predicted values for Mohr and Mogi-Coulomb criteria 
 
SHALE 
         
φ c  q C0  a b  β 
deg Mpa   Mpa  Mpa    
27.13 28.69  2.68 93.88  24.07 0.43  0.00 
rad          
0.474          
          
Laboratory Tests   Mohr Error  Mogi-Coulomb Error  
σ1 σ2 σ3  σ1 σ1  σ1 σ1 σ2=σ1 
Mpa Mpa Mpa  Mpa   Mpa  Mpa 
161 25 25 σ3=25 MPa 161 0%  161 0% 161 
168 25 25  161 4%  161 4%  
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182 35 25  161 12%  169 7%  
187 36 25  161 14%  170 9%  
175 45 25  161 8%  177 1%  
175 56 25  161 8%  185 6%  
186 66 25  161 14%  191 2%  
200 77 25  161 20%  196 2%  
194 79 25  161 17%  197 1%  
196 85 25  161 18%  199 2%  
201 96 25  161 20%  203 1%  
194 100 25  161 17%  204 5%  
186 114 25  161 14%  205 10%  
197 124 25  161 18%  205 4%  
183 133 25  161 12%  202 10%  
228 50 50 σ3=50 MPa 228 0%  228 0%  
239 50 50  228 5%  228 5%  
245 50 50  228 7%  228 7%  
257 69 50  228 11%  244 5%  
261 90 50  228 13%  259 1%  
266 100 50  228 14%  265 0%  
260 110 50  228 12%  270 4%  
260 122 50  228 12%  276 6%  
285 129 50  228 20%  278 2%  
266 148 50  228 14%  284 7%  
256 159 50  228 11%  285 11%  
          
   Misfit=  12.17%   4.38%  
Table 8 - Shale: Laboratory tests versus predicted values for Mohr and Mogi-Coulomb criteria 
 
SALT 
              
φ c  q C0  a b  β      
deg Mpa   Mpa  Mpa         
43.82 6.47  5.50 30.34  4.40 0.65  0.60      
rad               
0.765               
               
Laboratory 
Tests   
Mohr Error  Mogi-Coulomb Error   
Mod. Mogi-
Coulomb Error   
σ1 σ2 σ3  σ1 σ1  σ1 σ1 σ2=σ1  σ1 σ1 σ2=σ1 
σ2 Max 
σ1 
Mpa Mpa Mpa  Mpa   Mpa  Mpa  Mpa  Mpa Mpa 
23 0 0 σ3=0 
MPa 
30 32%  30 32% 30  30 32% 42 27 
36.2 10 0  30 16%  43 20%   43 20%   
43.1 25 0  30 30%  54 24%   54 24%   
35.1 35.1 0  30 14%  30 14%   49 41%   
38.9 30 0 
 30 22%  30 22%   53 36%   
29.9 42 0 
 30 2%  30 2%   42 40%   
26.5 1 1 σ3=1 MPa 36 35%  36 35% 36  36 35% 49 32 
43.2 7 1  36 17%  45 3%   45 3%   
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56.1 14 1  36 36%  52 6%   52 7%   
60.4 25 1  36 41%  61 1%   61 1%   
62.5 35 1  36 43%  62 1%   62 1%   
49.3 49.3 1  36 27%  36 27%   36 27%   
63.9 36 1 
 36 44%  36 44%   62 3%   
49.4 49 1 
 36 27%  36 27%   49 0%   
45.1 3 3 σ3=3 
MPa 
47 4%  47 4% 47  47 4% 64 42 
55 7 3  47 15%  53 4%   53 4%   
61 10 3  47 23%  57 6%   57 7%   
66 14 3  47 29%  62 6%   62 6%   
71.5 25 3  47 34%  73 2%   73 2%   
75 40 3  47 38%  81 7%   81 7%   
74.9 50 3  47 37%  47 37%   78 4%   
64.9 64.9 3  47 28%  47 28%   47 28%   
74.9 47 3 
 47 37%  47 37%   79 6%   
65.5 64 3 
 47 28%  47 28%   64 2%   
58.6 5 5 σ3=5 
MPa 
58 1%  58 1% 58  58 1% 79 52 
71.2 14 5  58 19%  71 0%   71 0%   
79.2 21 5  58 27%  79 0%   79 0%   
87.4 30 5  58 34%  88 1%   88 1%   
91.6 40 5  58 37%  95 4%   95 4%   
89.3 50 5  58 35%  99 10%   99 10%   
85 65 5  58 32%  58 32%   93 9%   
79.6 79.6 5  58 27%  58 27%   58 27%   
87.0 58 5 
 58 34%  58 34%   97 12%   
79.9 79 5 
 58 28%  58 28%   79 1%   
66.3 7 7 σ3=7 
MPa 
69 4%  69 4% 69  69 4% 94 62 
78.1 14 7  69 12%  79 2%   79 2%   
92.4 24 7  69 25%  92 1%   92 1%   
106.4 40 7  69 35%  107 1%   107 1%   
110.7 50 7  69 38%  113 2%   113 2%   
109.5 65 7  69 37%  116 6%   116 6%   
109.2 69 7 
 69 37%  69 37%   115 5%   
107.2 94 7 
 69 36%  69 36%   94 13%   
79.6 10 10  85 7%  85 7%   85 7% 116 76 
81.8 12 12  96 18%  96 18%   96 18% 131 87 
106.4 20 20             
119.7 28 28             
               
   Misfit=  26.86%   15.19%    10.52%   
Table 9 - Salt: Laboratory tests versus predicted values for Mohr, Mogi-Coulomb and Modified Mogi-Coulomb criteria 
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Appendix E - Visual Basic for Microsoft Excel Programs  
 
 
 
List of Functions that can be called in the Microsoft Excel worksheet and will return the explained 
result 
 
 
Option Explicit 
 
Function Max(x As Double, y As Double, z As Double) As Double 
 
'finds the maximum of three parameters 
 
    If x >= y And x >= z Then Max = x 
    If y >= x And y >= z Then Max = y 
    If z >= x And z >= y Then Max = z 
End Function 
 
Function Min(x As Double, y As Double, z As Double) As Double 
     
'finds the minimum of three parameters 
 
    If x <= y And x <= z Then Min = x 
    If y <= x And y <= z Then Min = y 
    If z <= x And z <= y Then Min = z 
End Function 
 
Function Pw_Mogi(Po As Double, stetad As Double, sz As Double, stetaz As Double, a As Double, b As Double) As Double 
 
'finds critical pressure inside the borehole, using the Mogi-Coulomb criterion 
 
Dim step As Double, pw As Double, steta As Double, sr As Double, sp1 As Double, sp2 As Double, s1 As Double, s2 As 
Double, s3 As Double, toct As Double, tmogi As Double 
 
step = 100 
pw = Po - step 
Do 
    Do 
        pw = pw + step 
        steta = stetad - pw 
        sr = pw 
        sp1 = 0.5 * (steta + sz) + (stetaz ^ 2 + 1 / 4 * (steta - sz) ^ 2) ^ 0.5 
        sp2 = 0.5 * (steta + sz) - (stetaz ^ 2 + 1 / 4 * (steta - sz) ^ 2) ^ 0.5 
        s1 = Max(sr, sp1, sp2) 
        s3 = Min(sr, sp1, sp2) 
        If sp2 >= sr Then s2 = sp2 Else s2 = sr 
        toct = 1 / 3 * ((s1 - s2) ^ 2 + (s2 - s3) ^ 2 + (s3 - s1) ^ 2) ^ 0.5 
        tmogi = a + b * ((s1 + s3) / 2 - Po) 
    Loop While tmogi <= toct And pw < 99999 
     
    If tmogi <> toct Then 
        pw = pw - step 
        step = step / 10 
    End If 
 
Loop While step > 0.1 And tmogi <> toct 
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Pw_Mogi = pw 
End Function 
     
Function Pw_Mohr(Po As Double, stetad As Double, sz As Double, stetaz As Double, c As Double, fi As Double) As Double 
 
'finds critical pressure inside the borehole, using the Mohr-Coulomb criterion 
 
Dim step As Double, steta As Double, pw As Double, sr As Double, sp1 As Double, sp2 As Double, s1 As Double, s2 As 
Double, s3 As Double, tmax As Double, tmohr As Double 
 
step = 100 
pw = Po - step 
Do 
    Do 
        pw = pw + step 
        steta = stetad - pw 
        sr = pw 
        sp1 = 0.5 * (steta + sz) + (stetaz ^ 2 + 1 / 4 * (steta - sz) ^ 2) ^ 0.5 
        sp2 = 0.5 * (steta + sz) - (stetaz ^ 2 + 1 / 4 * (steta - sz) ^ 2) ^ 0.5 
        s1 = Max(sr, sp1, sp2) 
        s3 = Min(sr, sp1, sp2) 
        If sp2 >= sr Then s2 = sp2 Else s2 = sr 
        tmax = (s1 - s3) / 2 
        tmohr = c * Cos(fi) + Sin(fi) * ((s1 + s3) / 2 - Po) 
    Loop While tmohr <= tmax And pw < 99999 
     
    If tmohr <> tmax Then 
        pw = pw - step 
        step = step / 10 
    End If 
 
Loop While step > 0.1 And tmohr <> tmax 
     
    Pw_Mohr = pw 
End Function 
 
Function Pw_Mod_Mogi(Po As Double, stetad As Double, sz As Double, stetaz As Double, c As Double, fi As Double, beta 
As Double, a As Double, b As Double) As Double 
 
'finds critical pressure inside the borehole, using the Modified Mogi-Coulomb criterion 
 
Dim step As Double, steta As Double, pw As Double, sr As Double, sp1 As Double, sp2 As Double, s1 As Double, s2 As 
Double, s3 As Double, q As Double, co As Double, s2eff As Double, s3eff As Double, s4 As Double, s1total As Double 
 
step = 100 
pw = Po - step 
Do 
    Do 
        pw = pw + step 
        steta = stetad - pw 
        sr = pw 
        sp1 = 0.5 * (steta + sz) + (stetaz ^ 2 + 1 / 4 * (steta - sz) ^ 2) ^ 0.5 
        sp2 = 0.5 * (steta + sz) - (stetaz ^ 2 + 1 / 4 * (steta - sz) ^ 2) ^ 0.5 
        s1 = Max(sr, sp1, sp2) 
        s3 = Min(sr, sp1, sp2) 
        If sp2 >= sr Then s2 = sp2 Else s2 = sr 
         
        q = (1 + Sin(fi)) / (1 - Sin(fi)) 
        co = 2 * c * q ^ 0.5 
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        s2eff = s2 - Po 
        s3eff = s3 - Po 
         
        s4 = s1equalss2Mod_Mogi(a, b, s3eff, co, q, beta) 
         
        If s2eff <= s4 Then 
            s1total = s1Mod_Mogi2(a, b, s2eff, s3eff, co, q, beta) + Po 
            Else: s1total = 0 
        End If 
    Loop While s1total <= s1 And pw < 99999 
     
    If s1total <> s1 Then 
        pw = pw - step 
        step = step / 10 
    End If 
 
Loop While step > 0.1 And s1total <> s1 
     
Pw_Mod_Mogi = pw 
End Function 
 
Function sstar(co As Double, q As Double, s3 As Double, s2 As Double, beta As Double, sm As Double) As Double 
 
'finds sigma star for the variable change in Modified Mogi-Coulomb criterion 
 
Dim mohrs3 As Double, ls3 As Double 
 
    mohrs3 = co + q * s3 
    ls3 = beta 
    If s2 < sm Then sstar = s2 Else sstar = sm - (s2 - sm) * (sm - s3) / ((1 + ls3) * mohrs3 - sm) 
    If sstar < s3 Then sstar = s3 
 
End Function 
 
Function s1Mogi(a As Double, b As Double, s2 As Double, s3 As Double, co As Double, q As Double) As Double 
 
'finds sigma1 using the Mogi-Coulomb criterion 
 
Dim step As Double, toct As Double, tmogi As Double, s1mogib As Double, s1med As Double 
 
If s2 < (co + q * s3) Then 
    step = co 
    If step = 0 Then step = 1 
 
    s1Mogi = s2 - step 
    Do 
        Do 
            s1Mogi = s1Mogi + step 
            toct = 1 / 3 * ((s1Mogi - s2) ^ 2 + (s2 - s3) ^ 2 + (s3 - s1Mogi) ^ 2) ^ 0.5 
            tmogi = a + b * (s1Mogi + s3) / 2 
        Loop While tmogi > toct 
        If toct <> tmogi Then 
            s1Mogi = s1Mogi - step 
            step = step / 10 
        End If 
    Loop While step > 0.001 And toct <> tmogi 
 
Else: s1Mogi = (co + q * s3) 
End If 
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End Function 
 
Function Maxs2(a As Double, b As Double, s3 As Double, co As Double, q As Double) As Double 
     
'finds sigma2 where sigma1 is maximum for the Mogi-Coulomb criterion 
     
Dim step As Double, maxs1 As Double, s1 As Double, s2 As Double 
 
step = co / 2 
If step = 0 Then step = 1 
     
    s2 = s3 
    Maxs2 = s3 
    maxs1 = s1Mogi(a, b, s2, s3, co, q) 
    Do 
        Do 
            s2 = s2 + step 
            s1 = s1Mogi(a, b, s2, s3, co, q) 
            If s1 > maxs1 Then 
                Maxs2 = s2 
                maxs1 = s1 
            End If 
        Loop While s1 = maxs1 
    If s1 <> maxs1 Then 
        s2 = s2 - 2 * step 
        If s2 < s3 Then s2 = s3 
        maxs1 = s1Mogi(a, b, s2, s3, co, q) 
        step = step / 10 
    End If 
    Loop While step > 0.01 
End Function 
 
Function s1Mod_Mogi2(a As Double, b As Double, s2 As Double, s3 As Double, co As Double, q As Double, beta As 
Double) As Double 
 
'finds sigma1 using the Modified Mogi-Coulomb criterion (part II) 
 
Dim step As Double, sm As Double, toct As Double, tmogi As Double 
 
step = co 
If step = 0 Then step = 1 
     
s1Mod_Mogi2 = s2 - step 
sm = Maxs2(a, b, s3, co, q) 
Do 
    Do 
        s1Mod_Mogi2 = s1Mod_Mogi2 + step 
        toct = 1 / 3 * ((s1Mod_Mogi2 - sstar(co, q, s3, s2, beta, sm)) ^ 2 + (sstar(co, q, s3, s2, beta, sm) - s3) ^ 2 + (s3 - 
s1Mod_Mogi2) ^ 2) ^ 0.5 
        tmogi = a + b * (s1Mod_Mogi2 + s3) / 2 
    Loop While tmogi > toct 
    If toct <> tmogi Then 
        s1Mod_Mogi2 = s1Mod_Mogi2 - step 
        step = step / 10 
    End If 
Loop While step > 0.01 And toct <> tmogi 
 
End Function 
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Function s1equalss2Mod_Mogi(a As Double, b As Double, s3 As Double, co As Double, q As Double, beta As Double) As 
Double 
     
'finds the triaxial extensional stress sigma1, equal to sigma2, for the Modified Mogi-Coulomb Criterion 
 
Dim step As Double, s2 As Double 
     
step = co 
If step = 0 Then step = 1 
     
    s2 = co + q * s3 - step 
    Do 
        Do 
            s2 = s2 + step 
            s1equalss2Mod_Mogi = s1Mod_Mogi2(a, b, s2, s3, co, q, beta) 
        Loop While s1equalss2Mod_Mogi > s2 
        s2 = s2 - step 
        step = step / 10 
    Loop While step > 0.01 
End Function 
 
Function s1Mod_Mogi(a As Double, b As Double, s2 As Double, s3 As Double, co As Double, q As Double, beta As Double) 
As Double 
 
'finds sigma1 using the Modified Mogi-Coulomb criterion (part I) 
 
If s2 > s1equalss2Mod_Mogi(a, b, s3, co, q, beta) Then s1Mod_Mogi = (co + q * s3) Else s1Mod_Mogi = s1Mod_Mogi2(a, b, 
s2, s3, co, q, beta) 
 
End Function 
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Example of the Microsoft Excel Worksheet that calculates the critical borehole pressure Pw 
 
 
Determination of the collapse pressure Pw
INPUT PARAMETERS
Depth
Vertical stress 
gradient σvg
Maximum horizontal 
stress gradient σHg
Minimum horizontal 
stress gradient σhg
Pore pressure 
gradient Pog
Cohesion c
Friction angle 
φ
Poisson  ratio ν
Strengthening 
factor β
Azimuth α (between σH 
and borehole axis)
Inclination i 
(between the 
vertical and 
borehole axis)
ft psi/ft psi/ft psi/ft psi/ft psi degrees degrees degrees
10000 1.000 0.850 0.850 0.450 1400 35 0.2 1.00 0 0
rad rad rad
0.611 0.000 0.000
CALCULATED PARAMETERS
Vertical 
stress σv
Maximum 
horizontal stress 
σH
Minimum horizontal 
stress σh
Pore pressure Po a b
psi/ft psi/ft psi/ft psi/ft psi
10000 8500 8500 4500 1081.2 0.5
IN SITU STRESSES IN CARTESIAN COORDINATES ALIGNED WITH THE BOREHOLE LOCATION OF MAXIMUM AND MINIMUM TANGENCIAL STRESSES
σ
0
x σ
0
y σ
0
z σ
0
xy σ
0
yz σ
0
xz θ1 θ2 σθ1d σθ2d σθdmax θ where σθ is max
psi psi psi psi psi psi rad rad psi psi psi rad
8500.00 8500.00 10000.00 0.00 0.00 0.00 0.785 2.356 17000.0 17000.00 17000.00 0.785
STRESSES IN THE BOREHOLE IN CILINDRICAL COORDINATES
Pw FOR EACH FAILURE CRITERION OVERBALANCE PRESSURE Pw-Po FOR EACH FAILURE CRITERION
σθdmax σZ at θ σθZ at θ Mogi-Coulomb Mohr-Coulomb
Modi. Mogi-
Coulomb
Mogi-Coulomb Mohr-Coulomb
Modi. Mogi-
Coulomb
psi psi psi psi psi psi psi psi psi
17000.00 10000.00 0.00 4622 5058 4549 122 558 49
Rock properties Borehole orientation 
Mogi-Coulomb strenght 
parameters
